1. Introduction {#s0005}
===============

Meloxicam (MLX, [Fig. 1](#f0005){ref-type="fig"}), a non-steroidal anti-inflammatory drug (NSAID) and a partially selective cyclooxygenase (COX-2) inhibitor, belongs to the class of enolic acids and is derived from oxicam. Owing to its anti-inflammatory and analgesic effects as well as good safety profile, characterized by a low incidence of gastrointestinal side effects [@bib1], it is widely prescribed. MLX, \[4-hydroxy-2-methyl-N-(5-methyl-2-thiaolyl)−2H-1, 2- benzothiazine-3-carboxamide 1,1-dioxide\] (C~14~H~13~N~3~O~4~S~2~; 351.40 g mol^−1^), is a yellow powder, practically insoluble in water, and slightly soluble in organic solvents, and well soluble in strong acids and bases [@bib2], [@bib3].Fig. 1The chemical structure of meloxicam.Fig. 1

In 2003, Coppi, Sanmarti, and Clavo [@bib4] described five crystalline forms of MLX associated with the corresponding processes for preparation and interconversion. The forms have distinct network structures that may differ in biopharmaceutical aspects and compromise their own functions. Luger and colleagues [@bib5] described the crystalline form I as the most suitable for the preparation of pharmaceutical products. The interconversion between different polymorphs may occur during the storage, as a consequence of the synthetic route, or in improper storage conditions with variations in humidity and temperature. As raw pharmaceutical materials are susceptible to variations and transitions, their full crystallographic analysis is important and should be adopted as a routine practice for adequate quality control. Only proper control will ensure the efficacy and safety of public health [@bib6], [@bib7], [@bib8], [@bib9], [@bib10].

In the present study, we characterized and evaluated the biological activity of meloxicam raw material that is freely used in compounding pharmacies.

2. Experimental {#s0010}
===============

MLX samples were obtained from three compounding pharmacies, and anonymized as A, B, and C, which corresponded to different routine batches of Indian origin: TDM/ML/002/11/12--13, ALC/MLX/120102, and MLAH16081112\#5, respectively.

2.1. Powder X-ray diffraction (PXRD) {#s0015}
------------------------------------

PXRD data were collected by a XRD-7000 diffractometer (Shimadzu) at 22 °C at 40 kV and 30 mA, using CuK~α~(λ = 1.54056 Å) equipped with a polycapillary focusing optics under parallel geometry coupled with a graphite monochromator. The sample was subjected to spinning at 60 rpm, scanned over an angular range of 4 60° (2θ) with a step size of 0.01° (2θ) and a time constant of 2 s/step. The software CrystalExplorer v 3.1 was used for the Hirshfeld surface analysis.

2.2. Differential scanning calorimetry (DSC) {#s0020}
--------------------------------------------

DSC experiments were performed on a Shimadzu DSC60. The equipment cell was calibrated with indium (mp 156.6 °C; ΔH~fus~ = 28.54 J/g) and lead (mp 327.5 °C). Aluminum pans, containing approximately 1 mg of sample, were used under a dynamic N~2~ atmosphere (50 mL/min) and a heating rate of 10 °C/min in the temperature range between 25 and 300 °C. As form III showed different thermal behavior, an isothermal experiment was conducted at 175 °C for periods of 15, 30, and 45 min.

2.3. Fourier transformed infrared spectroscopy (FTIR) {#s0025}
-----------------------------------------------------

All experiments were conducted on a Perking Elmer IR spectrometer, with samples measured in KBr pressed pellets in the wavenumber range between 400 and 3400 cm^−1^ at room temperature, with a resolution of 4 cm^−1^.

2.4. ^1^H and ^13^C-NMR analysis {#s0030}
--------------------------------

Solution 1D and 2D NMR experiments (^1^H, ^13^C, DEPT-135, HSQC, and HMBC) spectra were performed by using a Bruker Avance DRX 400 spectrometer in DMSO-d~6~ (deutered dimethyl sulfoxide, up to 99.9%) solution at 300 K, which was used as an internal standard (^1^H: δ = 2.50 ppm; ^13^C: δ = 39.50 ppm).

Solid-state ^13^C-NMR (ssNMR) spectra were collected by using a Bruker Avance DRX 400 (9.4T) running at rotation of 10 kHz with cross polarization and using glycine (C=O: δ = 176.03 ppm) as an internal standard.

2.5. UV spectrophotometry {#s0035}
-------------------------

Spectral scans were performed between the wavelengths of 200 and 400 nm on MLX samples dissolved at 10 μg/mL in ethanol by using a Shimadzu 1800 spectrophotometer. Ethanol was used as the blank sample to correct for the instrumental background. Origin software (version 9.1) was used to analyze the data.

All described analyses were conducted within the validity period of all samples.

2.6. Evaluation of the biological activity {#s0040}
------------------------------------------

### 2.6.1. Animals {#s0045}

The anti-inflammatory activity was evaluated through the use of the carrageenan-induced paw edema test. Female Swiss mice (25--30 g) with free access to food and water were used. The animals were kept in a room with a 12 h light/dark cycle for a minimum of 3 days prior to the experiment, to allow acclimatization. The room temperature was maintained at 27 °C, which corresponds to the thermoneutral zone for mice [@bib11]. This study was approved by the Ethics Committee on Animal Experimentation of the Federal University of Minas Gerais (Protocol 233/2016) and conducted in accordance with the S7A guide of the International Conference on Harmonization [@bib12].

### 2.6.2. Paw edema induced by carrageenan {#s0050}

To measure paw volume, a plethysmometer (Model 7140, Ugo Basile, Italy) was used. The basal volume of the right hind paw was measured before the administration of any drug. Next, the animals were divided into the experimental groups in such a way that the mean volumes of each groups was similar. Carrageenan (400 μg/20 μL) was injected via the intraplantar (i.pl.) route. The vehicle (carboxymethylcellulose; CMC 1%), meloxicam A 15 mg/kg, meloxicam B 15 mg/kg, meloxicam A 30 mg/kg, meloxicam B 30 mg/kg, or dexamethasone (10 mg/kg; positive control) were administered per os (p.o.) 30 min prior to the carrageenan injection. The volume of p.o. administration was 10 mL/kg. The paw volume of each animal was again measured at 2, 4, and 6 h after injection of the inflammatory stimulus. The results are expressed as the change in paw volume (μL) relative to the basal values [@bib13].

### 2.6.3. Statistical analysis {#s0055}

The results are presented as the mean ± standard error mean (S.E.M.). Two-way ANOVA followed by Bonferroni\'s post hoc test was used to analyze paw volumes differences, with *P* values of \< 0.05 considered significant. Statistical analyses were performed by using GraphPrism 5.0 (San Diego, USA) for Windows.

3. Results and discussion {#s0060}
=========================

As the samples from A and C showed identical X-ray diffraction patterns (form I; [Fig. 2](#f0010){ref-type="fig"}), we considered them to be the same material. Therefore, all other chemical and biological analyses were performed with samples from A (form I) and B (indicated by XRD as a mixture of some of form I and predominantly form III). The significant differences in peak positions and observed reflection planes, shown in [Fig. 2](#f0010){ref-type="fig"}, confirmed that there were two different polymorphs of the same material.Fig. 2X-ray diffraction patterns of samples from compounding pharmacies A, B, and C.Fig. 2

Thermal analysis was performed on separate aliquots. The DSC curves of samples from A and B are shown in [Fig. 3](#f0015){ref-type="fig"}. In the curve of the sample from pharmacy B, there is an incipient exothermal peak (4.47 J/g), at 206.6 °C. This peak was suggestive of crystallization or crystal transition, and was not present in the sample from pharmacy A (form I). After the melting point at approximately 260.0 °C, in both samples, similar behavior was observed.Fig. 3DSC curves of samples from compounding pharmacies A and B superimposed, showing the presence of a small exothermic peak in the B sample. The y axis is broken for better visualization.Fig. 3

Based on the observed thermal behavior, an isotherm at 175.0 °C, just below the beginning of the broad large transition peak, was analyzed to check the crystal transition observed at 206.6 °C. The XRD patterns shown in [Fig. 4](#f0020){ref-type="fig"} were obtained after the isotherm, under tightly temperature control, after 15, 30, and 45 min. In all three distinct aliquots, we confirmed the occurrence of one phase transition. After 15 min, we observed the beginning of the conversion; after 45 min, the phenomenon was completed ([Fig. 4](#f0020){ref-type="fig"}).Fig. 4Powder X-ray diffraction of compounding pharmacy B isotherm at 175 °C. The structures were fitted by using the Rietveld algorithm. The quotes indicate the sample from compounding pharmacy B, heated at 175 °C for 15, 30, and 45 min and the final product of the isotherm experiment (form I).Fig. 4

Through the comparison of the FTIR spectra from the samples from pharmacies A and B ([Fig. 5](#f0025){ref-type="fig"}), the absorptions were assigned to distinct peaks for each chemical functional group within the structure. The observed and assigned changes in the functional groups occurred at 1184--1176 cm^−1^, 1526--1520 cm^−1^, and 1550--1552 cm^−1^ related to the stretching vibration of the thiazole ring, the asymmetric stretching vibration at 1264--1286 cm^−1^ of the sulfone, and amide III bands for the -CO-NH-C- group.Fig. 5Comparison of Fourier transform infrared spectra between form I and form III.Fig. 5

As observed in ssNMR ([Fig. 6](#f0030){ref-type="fig"}), C14 showed a double signal centered at 13.9 and 9.7 ppm for sample B; however, only one signal at 12.8 ppm was observed for sample A (form I; [Fig. 6](#f0030){ref-type="fig"}, [Table 1](#t0005){ref-type="table"}).Fig. 6ssNMR spectra for samples from compounding pharmacies A (form I) and B (form I plus form III).Fig. 6Table 1ssNMR assignment for ^13^C signals.Table 1CarbonChemical shift (δ, ppm)Sample from ASample from BC1165.4166.6C2159.6160.8**C3153.9157.9**C4137.1137.4C5133.2134.0C6133.2134.0C7130.7128.3C8130.7128.3C9128.0127.6C10126.4125.8C11124.5123.2C12109.5110.7**C1342.037.0C1412.813.9 / 9.7**

The ^1^H and ^13^C-NMR spectra of meloxicam were collected in DMSO-d~6~ ([Supplementary material](#s0085){ref-type="sec"}). After the material was solubilized in DMSO-d~6~, all polymorphic characteristics were lost through the dissolution process. In solution, the NMR spectra were identical for both samples. Thus, the discussion of these results is valid for both samples.

The 1D and 2D NMR spectra (^1^H, ^13^C, DEPT-135, HSQC, and HMBC) were obtained under standard conditions (shown in [Supplementary material](#s0085){ref-type="sec"}). In the ^13^C spectrum, the aromatic carbons C2, C3, C4, C5, C6, C7, and C16 resonated between 123.2 and 134.4 ppm, as expected. The methyl carbons C10 and C18 resonated at 37.9 and 11.7 ppm, respectively. The quaternary carbon C9 resonated at 114.2 ppm, whereas C8, which was connected to the OH group, resonated at 115.7 ppm. Finally, the carbonyl resonated at 168.4 ppm. These results were obtained through direct comparison with published data [@bib4].

The solid-state ^13^C-NMR spectra of the samples from compounding pharmacies A and B are shown in [Fig. 6](#f0030){ref-type="fig"}. All ^13^C peaks were properly indexed and a higher number of carbon atoms for sample from B was found compared with the expected spectrum. Through comparison with the spectrum of form I, this provided evidence of the existence of a mixture that contained some of form I and mainly form III ([Table 1](#t0005){ref-type="table"}). This result was corroborated by the XRD measurements, which showed that form III was the major component of the mixture.

The UV analysis indicated common absorption maxima for forms I and III in ethanol solution at 205, 269 and 363 nm ([Fig. 7](#f0035){ref-type="fig"}). Special structural features may promote different solvation interactions that favor the appearance of tautomeric structures. This would be the case for forms I and III in water owing to the observed turn in the thiazole ring. However, the UV measurement conditions eliminate this possibility, as in standard literature procedures, the UV spectral measurement is obtained in ethanol, for solubility reasons. The contribution of each functional group to the absorption spectra of forms I and III is shown in [Fig. 7](#f0035){ref-type="fig"}.Fig. 7Total UV-spectra assignments of forms I and III associated with surface potentials obtained from the Hirshfeld surface analysis.Fig. 7

In the UV spectra, a bathochromic shift from 215 nm to 219 nm and a hypsochromic displacement from 297 nm to 278 nm were observed. The Hirshfeld surface was calculated with the projection of the electrostatic potential highlighted by Spackman and Jayatilaka [@bib14], Bojarska and Maniukiewicz [@bib15], which allowed the complete assignment of UV spectra for both forms, I and III, respectively, in ethanol solution. There is a higher probability of interactions between the aromatic rings in form III, which favors the π → π\* transitions. The hydrogen on the OH group at C3 remains at a distance of approximately 1.69 Å in form I. In form III, the interaction is partial, mainly owing to the difficulties imposed by the increased distance to the same groups and atoms, now approximately 1.88 Å. This longer distance interaction justifies the hypsochromic displacement, as it requires higher energy to occur.

The carrageenan injection induced a marked and long-lasting paw edema that was already evident at 2 h after injection. Dexamethasone 10 mg/kg resulted in the strongest anti-edematogenic effect (*P*\< 0.001), as expected, because it is a steroidal anti-inflammatory agent that acts in the early stages of the inflammatory process; this drug is often used as a positive control in comparative studies [@bib16], [@bib17], [@bib18], [@bib19]. Nevertheless, owing to the side effects observed in the medicinal uses of this class of materials, it is necessary to obtain effective drugs that result in fewer adverse events. At present, the oxicams play an important role as anti-inflammatory agents [@bib19], [@bib20].

Another hypothesis from the results of the biological evaluation for a sample B refers to its identity. As the analyses by XRD and ssNMR indicated the presence of a certain amount of polymorph I in a mixture with polymorph III in the sample from the compounding pharmacy B, the anti-edematogenic effect may be associated with the amount. This result shows the importance of the study of the biological activity of different polymorphs in drugs usually present in raw materials of pharmaceutical interest, both mistral or industrial, as well as for proper characterization in quality control steps [@bib9], [@bib10].

Both meloxicam samples (from pharmacies A and B) reduced paw edema when administered 30 min before carrageenan. Meloxicam from pharmacy A (15 mg/kg) reduced paw edema at 4 h (*P*\< 0.001) and 6 h (*P*\< 0.001). The highest dose of meloxicam from pharmacy A (30 mg/kg) reduced paw edema at 2 h (*P*\< 0.01), 4 h (*P*\< 0.001) and 6 h (*P*\< 0.001). Meloxicam from pharmacy B was not as effective as meloxicam from pharmacy A. Both doses of meloxicam from pharmacy B (15 and 30 mg/kg) reduced paw edema, but only at 4 h (*P*\< 0.001). The differences between the two samples were more pronounced at the highest dose at 4 h (*P*\< 0.001) and 6 h (*P*\< 0.01) after the injection of carrageenan ([Fig. 8](#f0040){ref-type="fig"}).Fig. 8Effect of meloxicam (MLX) from A and B compounding pharmacies (15 and 30 mg/kg, p.o.) or dexamethasone (Dexa; 10 mg/kg, p.o.) administered 30 min prior to the induction of the paw edema by i.pl. injection of carrageenan (Cg, 400 μg/paw). Each point represents the mean ± S.E.M. of six animals. \*\* and \*\*\* indicate significantly differences from the vehicle (*P* \< 0.01 and *P* \< 0.001, respectively). ^\#\#^ and ^\#\#\#^ indicate significantly difference from meloxicam B 30 mg/kg (*P* \< 0.01 and *P* \< 0.001, respectively).Fig. 8

To study the effects of the two meloxicam samples on the carrageenan-induced paw edema, the positive control of dexamethasone 10 mg/kg, which is frequently used in preclinical assays [@bib16], [@bib17], [@bib18], [@bib19], was used, and resulted in the highest anti-edematogenic activity, as expected. This steroidal anti-inflammatory drug markedly inhibits the early stages of the inflammatory process, but may also induce many side effects. Thus, there is an ongoing search for other anti-inflammatory drugs with a safer profile and oxicams appear to be good candidates [@bib20], [@bib21].

The i.pl. injection of carrageenan induced an acute and marked inflammatory response, characterized mainly by edema formation. This acute response most likely resulted from neutrophil migration and activation and also from the production of a variety of inflammatory mediators that induce vasodilation and increase vascular permeability [@bib22], [@bib23]. In the present study, pre-treatment with both meloxicam samples reduced carrageenan-induced paw edema in mice. Others investigators have demonstrated the anti-inflammatory and analgesic activities of meloxicam in preclinical assays. These effects may result from reduced leukocyte migration and the reduced production of inflammatory mediators, as it has been shown that meloxicam attenuated the activation of nuclear factor-κB, inhibited COX-2 expression, and increased IL-10 production [@bib24], [@bib25], [@bib26].

Meloxican form I was isolated from commercial samples from compounding pharmacies A and C. The sample from compounding pharmacy B, a mixture of forms I and III, was directly identified through the comparison of the X-ray diffraction patterns in patent US 20030109701 A1, [@bib4]. Therefore, the sample from B was convoluted by the respective counterparts. Their Bragg reflections were independently indexed and extracted by the Pawley method. Once isolated and treated as one mixture, the crystallographic information for form III was extracted and used in order to obtain the Hirshfeld surface analysis for this polymorph alone ([Fig. 9](#f0045){ref-type="fig"}).Fig. 9Fingerprint plots: intermolecular interactions within the samples from compounding pharmacies A and B that show the total Hirshfeld surface area.Fig. 9

The Hirshfeld surface analysis assigns intermolecular interactions inside the unit cell packing. The analysis helps to understand the differences that were observed in the biological evaluation between samples from A (form I) and from the mixture in B (form I plus form III). The atomic distribution of form I, as shown in [Fig. 9](#f0045){ref-type="fig"}, contributes 89% of the overall interaction\'s distances (de × di) to the potential surface, starting from as low as 1.2 Å up to 2.4 Å ([Fig. 9](#f0045){ref-type="fig"}; form I). All expected interactions are π...π, between 5- (thiazole) and 6-membered rings and N-H...S=O internally. In contrast, the overall interactions calculated for form III, were present in (de × di), as low as 1.0 Å and rose to over 2.8 Å ([Fig. 9](#f0045){ref-type="fig"}; form III) [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26]. The observed turn around the thiazole ring in polymorph III increased the amount of interactions that contributed to different dissolution behavior. These observations not only explained the double signal of C14, but corroborated the increased intermolecular interactions seen for form III. From this data, we inferred that the intramolecular forces occurring at lower and also at higher distance in form III promoted stronger intermolecular interactions within and between the molecules inside the unit cell arrangement. This effect will result in a lower solubility (higher interactions inside the unit cell), as experimentally observed. In agreement with the observed behavior, meloxican was classified as class II in the Biopharmaceutical Classification System [@bib27], [@bib28].

Through those observations, we related the results of the biological evaluation found for sample B (form I plus form III, lower activity), with adverse pharmacokinetic parameters, such as bio-absorption and distribution. As form III presents intramolecular interactions at a lower distance (1.0 Å) in addition to higher distances (over 2.8 Å), when compared with the same parameters for pure form I, the internal cell packing forces will be increased, which results in a more difficult solubilization process. The Hirshfeld surface analysis showed C14 close to S in the thiazole ring on one side and to the hydroxyl group in the six-membered ring in the middle of the structure. For form I, only the hydroxyl group interaction was observed, which explained the ssNMR single signal for C14. In this case, a reduction of the amount of solubilized form III in comparison with form I, over the same solubilization time, will affect the available drug amount after administration differently for both forms.

4. Conclusion {#s0065}
=============

X-ray diffraction, DSC, and ssNMR analysis indicated the presence of two polymorphs of meloxicam, forms I and III, in the sample from pharmacy B, freely sold in compounding pharmacies from which the samples were acquired.

The biological test indicated a lower degree of anti-edema activity for the polymorph III when present as major component in the sample from compounding pharmacy B, which also contained form I in the mixture. The Hirshfeld surface analysis of forms I and III provided an explanation of the solubility difference, which was experimentally observed for both compounds; form III is less soluble than form I.

Although less active, form III is a major component freely sold in compounding pharmacy B, which justified the difference in biological activity between the sample from compounding pharmacy A (form I) and the sample from pharmacy B (form I plus III) observed during the paw edema test conducted in female Swiss mice.

Our results highlighted the need for full crystallographic characterization and separation of freely used raw material in compounding pharmacies as an indispensable quality control protocol to ensure the desired drug dose/effect. The main concern over the lack of an adequate quality control was demonstrated to be unexpected differences in biological activity that could compromise human health.
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Fig. S1^1^H NMR spectrum of meloxicam at 400 MHz in DMSO-d~6~.Fig. S1

Fig. S2^13^C NMR and DEPT-135 spectra of meloxicam at 400 MHz in DMSO-d~6~.Fig. S2

Fig. S3^1^H--^13^C HSQC spectrum of meloxicam at 400 MHz in DMSO-d~6~.Fig. S3

Fig. S4Expanded ^1^H--^13^C HSQC spectrum of meloxicam at 400 MHz in DMSO-d~6~.Fig. S4

Fig. 5^1^H--^13^C HMBC spectrum of meloxicam at 400 MHz in DMSO-d~6~.Fig. 5

Fig. S6Expanded ^1^H--^13^C HMBC spectrum of meloxicam at 400 MHz in DMSO-d~6~.Fig. S6
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